The band-gap shift of GaN has been examined as a function of uniaxial compression along the c axis using time-resolved, optical absorption measurements in shock wave experiments. The hydrostatic deformation potential a cz − D 1 ͑parallel to the c axis͒, has been determined independently from a ct − D 2 ͑perpendicular to the c axis͒. Based on the experimental results, a set of deformation potentials has been obtained: a cz − D 1 = −9.6 eV, a ct − D 2 = −8.2 eV, D 3 = 1.9 eV, and D 4 = −1.0 eV. These values indicate that the deformation potentials in wurtzite GaN are anisotropic.
The band-gap shift of GaN has been examined as a function of uniaxial compression along the c axis using time-resolved, optical absorption measurements in shock wave experiments. The hydrostatic deformation potential a cz − D 1 ͑parallel to the c axis͒, has been determined independently from a ct − D 2 ͑perpendicular to the c axis͒. Based on the experimental results, a set of deformation potentials has been obtained: 
I. INTRODUCTION
Wide band-gap III-nitride semiconductors have received considerable attention for their many applications in shortwavelength optical devices and high-power electronic devices. Despite the technological advances based on these materials, many of their fundamental physical properties have not been characterized. 1 In particular, the effect of strain on the optical properties is not well understood. Due to the large differences in lattice parameters and thermal expansion coefficients between the substrate ͑normally sapphire or SiC͒ and the different III-nitride epilayers, strain is always present in these devices. A more complete understanding of straininduced effects on the band gap of GaN will improve the modeling of III-nitride optoelectronic devices.
For wurtzite GaN with small strains, four distinct valenceband and two conduction-band deformation potentials 2,3 are necessary to describe the band-edge variations. Three of these deformation potentials are used to characterize the effect of strain components along the c axis and the other three are used for strain components perpendicular to the c axis. The deformation potentials are derived from theoretical calculations, [2] [3] [4] [5] [6] where the parameters are fit to experimental data. [7] [8] [9] [10] [11] [12] However, reported values are scattered over a large range, with variations of nearly a factor of 6 in some cases.
Commonly, quasicubic 13 or spherical cubic 14 approximations are introduced to reduce the number of unknown parameters. These approximations are based on the similarity between the wurtzite and zinc-blende crystal structures, which have nearly identical nearest-neighbor tetrahedral environments. For wurtzite GaN, deformation potentials have been obtained using hydrostatic pressure [15] [16] [17] [18] and in-plane biaxial stress. [7] [8] [9] [10] [11] [12] Since these methods involve strain components both along and perpendicular to the c axis, the cubic approximation is used to determine the deformation potentials. However, no experimental data are available to test the validity of such an approach.
In this paper, we present band-gap measurements for uniaxial strain along the c axis of wurtzite GaN. This unique method enables the direct measurement of the deformation potential along the c axis. Combining this result with other published experimental data, we are able to determine the remaining deformation potentials. Our results suggest that the deformation potentials for wurtzite GaN are anisotropic and are not well described by the cubic approximation. Given the experimental data, the deformation potentials obtained in this work are expected to be more accurate than those published previously.
II. EXPERIMENT
The samples used in this study were GaN:Mg and GaN:Si epilayers ͑4 m thick͒ on c-cut sapphire substrates ͑420 m thick͒ grown by metal-organic chemical vapor deposition. The band-gap shifts of these samples were studied as a function of uniaxial strain compression along the c axis using time-resolved, optical absorption measurements in shockwave experiments. The experimental configuration is shown schematically in Fig. 1 . Light from a xenon flashlamp was collimated and reflected by two turning mirrors mounted on the projectile and then passed through the impactor, GaN sample, and back window. The transmitted light was collected by an UV-transparent lens and focused onto two optical fibers. The light from one fiber was spectrally dispersed by a spectrometer ͑ARC SpectraPro 150͒, temporally dispersed by an electronic streak camera ͑Imacon 500͒, and digitally recorded on a charge-coupled device ͑CCD͒ detector as a series of transmission spectra, each separated in time by 20 ns. The second fiber delivered the transmitted signal to a fast photodiode, which was used as a timing diagnostic. C-cut sapphire single crystals were used for both the impactor and back window. Sapphire is transparent over a wide spectral range when shocked to stresses below the Hugoniot elastic limit ͑about 14 GPa͒. 19 From the measured projectile velocity, the stress in the GaN epilayer was determined by the shock response of a c-cut sapphire, which is known to an accuracy of 1%-2%. 20 A constant stress was maintained for 130 to 270 ns, depending on the size of each sample. All experimental data were collected within this time window.
Absorption spectra of GaN:Si shocked to 9.0 GPa are shown in Fig. 2 . The absorption coefficient ␣ was obtained as a function of photon energy ប using
͑1͒
where I is the intensity transmitted through the sample ͑GaN + sapphire substrate͒, I 0 is the intensity transmitted through the reference sample ͑sapphire substrate͒, I b is the background intensity recorded with the streak camera shutter closed, and d is the thickness of the GaN epilayer. As can be seen from Fig. 2 , the absorption spectrum shifted to higher energy upon arrival of the shock wave. The band-gap energy was defined to be the energy at which ␣ = 2.88ϫ 10 3 cm −1 . The band-gap shift ⌬E g was taken to be the difference between the shocked band gap ͑120 ns after the initial shock͒ and the unshocked band gap.
The shift of the absorption edge measured at a constant value of ␣ will represent the band-gap shift only if the shape of the absorption profile does not change significantly. 15 However, GaN has large piezoelectric coefficients, and shock compression along its c axis will produce a large electric field along the same direction. This piezoelectric field results in a broadening of the absorption edge ͑Franz-Keldysh effect͒. In order to suppress the Franz-Keldysh effect, GaN:Mg ͑Ref. 21͒ and GaN:Si samples were used. The free carriers in these samples screen the piezoelectric field and thus reduce the broadening of the band-gap threshold. For the determination of ⌬E g , we only used the absorption spectra from GaN samples that showed negligible broadening 22 after shock compression. The plot of ⌬E g as a function of longitudinal stress zz is shown in Fig. 3 .
III. THEORY A. Band gap
For wurtzite semiconductors, 2,3 the three valence bands HH ͑⌫ 9 V ͒, LH ͑⌫ 7 V ͒, and CH ͑⌫ 7 V ͒ have energy maxima given by 
where ⌬ 1 is the crystal-field splitting of the ⌫ 9 and ⌫ 7 orbital states, ⌬ 2 and ⌬ 3 are parameters that describe the spin-orbit coupling, ii are components of the strain tensor, and D i are valence-band deformation potentials. Here we use the convention that a positive ͑negative͒ value of ii indicates tensile ͑compressive͒ strain. For the conduction band, the minimum energy is given by
where E g is the band gap in the absence of strain and a cz and a ct are the conduction-band deformation potentials. Combining Eqs. ͑2͒-͑4͒ yields the band-gap shifts due to strain,
where a cz − D 1 and a ct − D 2 are the "hydrostatic" deformation potentials parallel and perpendicular to the c axis, respectively.
B. Strain relations
In the present study of shock compression along the c axis, the following uniaxial strain relations hold: zz = zz /C 33 and xx = yy = 0, ͑6͒ In this work, we use the elastic constants given in Ref. 23 : C 11 = 390 GPa, C 12 = 145 GPa, C 13 = 106 GPa, and C 33 = 398 GPa. Using the strain relations given above, we calculated the slopes for the A, B, and C band-gap shifts versus zz ͑Table I͒. These linear shifts ignore the contribution from ⌬ 3 in Eq. ͑5͒, a good approximation for the range of strains in this study. If one neglects the strain-dependent variations of the exciton binding energies, which are small, 3 then the slopes shown in Table I also represent the shifts for A, B, and C exciton resonance energies with respect to zz . Since the absolute shifts of the conduction-and valence-band edges have not been measured independently, we will treat a cz − D 1 and a ct − D 2 as two independent deformation potentials. Since D 3 was reported to be positive in all studies, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] it is reasonable to assume that a cz − D 1 − D 3 is less than a cz − D 1 .
IV. RESULTS
In this section, we use our shock compression results, along with previous studies involving hydrostatic pressure and biaxial stress, to calculate a set of deformation potentials.
A. Shock compression
From Table I , it can be seen that under uniaxial shock compression ͑ zz Ͻ 0͒, the lowest band-gap shift arises from the B band gap. Thus, the slope of the band-gap shift versus zz is equal to a cz − D 1 . A least-square linear fit to the experimental data in Fig. 3 results in ⌬E B = ͑24.2 meV/GPa͉͒ zz ͉ = − 9.6 zz eV. ͑9͒
Hence, a cz − D 1 = −9.6 eV. This value is compared to the previously reported deformation potentials in Table II. Our   TABLE I . A comparison of linear slopes for A, B, and C band-gap energies versus c-axis strain ͑ zz ͒ under biaxial stress ͑Ќ, c axis͒, hydrostatic pressure, and uniaxial strain ͑ʈ, c axis͒ conditions.
Band gap
Biaxial stress perpendicular to c axis Hydrostatic pressure
value for a cz − D 1 is larger in magnitude ͑more negative͒ than those found by most other groups.
B. Hydrostatic pressure
Photoluminescence ͑PL͒ and reflectance studies of highquality wurtzite GaN on sapphire under hydrostatic pressure revealed that the pressure coefficients for A, B, and C excitons are the same to within experimental uncertainty. 24 That observation places the following constraint on D 3 and D 4 :
or D 3 = −1.8D 4 . The linear pressure coefficient for freestanding GaN ͑Ref. 16͒ is
where zz = xx = yy . From Table I , we have the following relation:
͑12͒
Using a cz − D 1 = −9.6 eV, we derive a ct − D 2 = −8.2 eV.
C. Biaxial stress
To determine D 3 and D 4 , we need to consider the strain dependence of exciton resonance energies in GaN under biaxial stress. From Table I , the slope for C excitons ͑ zz Ͼ 0͒ is given by
This value is much smaller than the values of 38.9 and 34.5 eV, derived by Chichibu et al. 10, 11 and Shan et al., 12 respectively. The C exciton energies assigned by these authors are the highest-energy points in Fig. 4 . However, our results suggest that these energies were misassigned. As pointed out by Kornitzer et al., 25 misassignment of C exciton energies may occur easily for reflectance or PL studies made at very low temperatures. From Table I , the difference between the slopes for A and C excitons with respect to zz is D 3 − ͑C 33 / C 13 ͒D 4 . Given a slope for E A equal to 15.4 eV, 10 the slope difference is 5.8 eV. Using the fact that D 3 = −1.8D 4 , we derive D 3 = 1.9 eV and D 4 = −1.0 eV. However, it should be noted that experimental uncertainties limit the accuracy of these values. We plotted the free exciton energies reported by different authors versus zz ͑symbols͒ under biaxial stress as well as the calculation results ͑lines͒ using these deformation potentials in Fig. 4 . Our set of deformation potentials yield a good fit to the experimental data. III-V zinc-blende crystals 27 ͓e.g., b = −1.7 eV for GaAs ͑Ref. However, the cubic approximation also states that ͑a cz − D 1 ͒ − ͑a ct − D 2 ͒ = D 3 . Our results show that ͑a cz − D 1 ͒ − ͑a ct − D 2 ͒ = −1.4 eV, which is different from D 3 = 1.9 eV. Hence, the deformation potentials in wurtzite GaN show significant anisotropy. If we take into account the Franz-Keldysh effect, the band gap shift in Fig. 3 could be even higher, resulting in a larger magnitude for a cz − D 1 and a more pronounced anisotropy.
VI. CONCLUSIONS
In summary, the band-gap shift of GaN under shock wave compression along its c axis has been measured using time-resolved optical absorption experiments. The observed shift, 24.2 meV/ GPa, is comparable to previous uniaxialstrain measurements that did not account for broadening. 21, 29 The hydrostatic deformation potential along the c axis of wurtzite GaN, a cz − D 1 , has been determined experimentally to be −9.6 eV. Combining this result with the known behavior of wurtzite GaN under hydrostatic pressure and biaxial stress, the deformation potentials have been estimated: a cz − D 1 = −9.6 eV, a ct − D 2 = −8.2 eV, D 3 = 1.9 eV, and D 4 = −1.0 eV.
